Plateau zokors (Eospalax baileyi) are an agent actively involved in causing soil erosion and meadow degradation in the Yellow River Source Zone of West China. This study aims to quantify the amount of soil and nutrient loss from zokor mounds in relation to slope gradient and rainfall intensity, and to assess the amount of soil loss in zokor-infested areas compared with healthy meadows in Henan County, Qinghai Province. The results showed that zokor mounds were gradually lowered at a rate of 1.8-3.9 cm h −1 . Soil loss occurred two min after the rain began, reaching the maximum level during the first 20 min. The rate of soil loss and nutrient loss increased with the rainfall intensity and slope gradient. When the rainfall intensity rose from 5 to 10 mm h −1 , and from 10 to 15 mm h −1 , the total soil loss on 10 • slopes increased by 2.5 times and 3.9 times, respectively, and soil nutrient loss increased by 1.7 times and 2.7 times, respectively. As the slope gradient steepened to 20 • , the corresponding figures were 2.8 times and 4.3 times for total soil loss, and 1.8 times and 2.9 times, respectively, for soil nutrient loss. When the slope rose to 30 • , the soil loss increased by 3.0 and 4.5 times, and the soil nutrient loss increased by 1.8 times and 3.1 times, respectively. There was a power function between soil loss and surface runoff (S = 0.2371Q 2.2307 , R 2 = 0.9529). The soil was eroded at a rate of 256.6 g m −2 h −1 from zokor mounds, 17.7 times higher than in intact meadows, and 1.8 times higher than in partially recovered meadows. Most of the eroded soils had a mean diameter of 0-1.2 mm. It is recommended that artificial control of plateau zokors should be implemented, together with other ecological restoration measures to restrain the soil erosion problem caused by zokor activities.
Introduction
The Yellow River Source Zone is located in the central Qinghai-Tibetan Plateau and plays a critical role in soil conservation in China [1] . About one third of the vegetation cover in this Zone is alpine meadows, which is one of the most special and vulnerable areas in the Qinghai-Tibet Plateau ecosystem [2, 3] . They have suffered varying degrees of degradation due to a variety of environmental and anthropogenic factors [4] [5] [6] . The degraded grassland accounts for 50% to 60% of the available grassland area, and degradation has a tendency to accelerate [7] . The severity of degradation has worsened markedly over the past decade [8] , owing to depletion of grass cover and biomass, and the to soil loss in alpine meadows. This study is significant in that the surface geomorphology of the zokor mounds and zokor damage characteristics, together with the local meteorological data, can be used to predict the annual average erosion rate of alpine meadows caused by rodents in the study area. It can also reveal the process and mechanism of soil erosion in this area, and provide important guidance for alpine meadow vegetation restoration and ecological protection on the Qinghai-Tibet Plateau.
Study Area
The study area is located in Henan County, Qinghai Province in the Yellow River Source Zone (34.7333 • , 101.7833 • , WGS84). It has an average altitude of about 3,600m above sea level (Figure 1 ). Its annual temperature averages −1.3-1.6 • C, and annual precipitation 597.1-615.5 mm (281.7-362.6 mm mainly during June-September according to the local meteorological data). During November-April, the area is cold, dry, and windy with the maximum wind speed being up to 23.7 m s −1 . Major land cover in the study area is alpine meadows, which are widely distributed throughout the Source Zone. The dominant species of grasses are Kobresia humilis, K. capillifolia, and K. pygmaea. Some of the meadows have suffered severe degradation where most of the original vegetation disappeared. Incidentally, these areas also have a high density of zokor mounds, which have a semi-circular surface of a non-uniform slope that can be as steep as 45 • and is much gentler near the apex. Their height averages about 25 cm, with a diameter of around 30-50 cm. The ground at which the mounds are located has a gradient between 0 and 30 • . The harsh climate and fragile meadow eco-system, coupled with the loosened zokor mounds, creates a setting extremely vulnerable to soil erosion and nutrient depletion during the summer months when intensive zokor burrowing activities coincide with relatively heavy rains. the formative period of fresh zokor mounds. These settings should yield more realistic results than laboratory-based experiments. These results can deepen our understanding of the actual contribution of zokor burrowing to soil loss in alpine meadows. This study is significant in that the surface geomorphology of the zokor mounds and zokor damage characteristics, together with the local meteorological data, can be used to predict the annual average erosion rate of alpine meadows caused by rodents in the study area. It can also reveal the process and mechanism of soil erosion in this area, and provide important guidance for alpine meadow vegetation restoration and ecological protection on the Qinghai-Tibet Plateau.
The study area is located in Henan County, Qinghai Province in the Yellow River Source Zone (34.7333°, 101.7833°, WGS84). It has an average altitude of about 3,600m above sea level (Figure 1 ). Its annual temperature averages −1.3-1.6°C, and annual precipitation 597.1-615.5 mm (281.7-362.6 mm mainly during June-September according to the local meteorological data). During November-April, the area is cold, dry, and windy with the maximum wind speed being up to 23.7 m s −1 . Major land cover in the study area is alpine meadows, which are widely distributed throughout the Source Zone. The dominant species of grasses are Kobresia humilis, K. capillifolia, and K. pygmaea. Some of the meadows have suffered severe degradation where most of the original vegetation disappeared. Incidentally, these areas also have a high density of zokor mounds, which have a semi-circular surface of a non-uniform slope that can be as steep as 45° and is much gentler near the apex. Their height averages about 25 cm, with a diameter of around 30-50 cm. The ground at which the mounds are located has a gradient between 0 and 30°. The harsh climate and fragile meadow eco-system, coupled with the loosened zokor mounds, creates a setting extremely vulnerable to soil erosion and nutrient depletion during the summer months when intensive zokor burrowing activities coincide with relatively heavy rains. 
Methodology

Site Selection
A reconnaissance excursion to the study area was undertaken during 10-30 August of 2018, during which the dense zokor-induced subsoil mounds were located in places where precipitation was the Water 2019, 11, 2258 4 of 16 most concentrated and soil erosion was the most serious. In total, 27 identical sampling plots of 2 m by 2 m in size were set up in an area of 300 m by 450 m. Each sampling plot was centered around only one fresh and relatively isolated mound of a similar size and age (Figure 2a ). One third of the 27 sampling plots had one of the three slope gradients of 10 • , 20 • , and 30 • (nine sampling plots had one of the three identical slope gradients). The sampling plots were randomly set up from the foot to the middle of a slope, and the interval between adjacent sampling plots was set at more than 20 m ( Figure 3 ). In order to assess the influence of zokor activities on soil loss from the meadow, three more sites of the same 20 • gradient were selected for comparison. They represented a formerly degraded but now vegetation-recovered site (Figure 2b) , and a healthy meadow site ( Figure 2c ). The vegetation-recovered site used to be denudated, but now vegetation has recovered naturally to a cover of 60%.
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Precipitation Intensity
After the sampling plots were properly selected, an artificial precipitation simulator was set up to produce one of three precipitation intensities of 5 mm h −1 , 10 mm h −1 , and 15 mm h −1 . These intensities were determined based on historic hourly records of precipitation and runoff intensity in the study area over the previous two years. 
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Preliminary experiments in the field indicated that surface runoff rarely formed when precipitation intensity fell below 2 mm h −1 . The precipitation mainly occurred during June-September of each year based on the local meteorological data (Figure 4 ), and the historic records showed that no precipitation events exceeded the intensity of over 20 mm h −1 . All precipitation intensities fell into three categories of 3-7 mm h −1 , 8-12 mm h −1 , and over 15 mm h −1 . Thus, the simulated rainfall events were set to 5, 10, and 15 mm h −1 . These figures were very close to the average precipitation intensities of the three categories. Preliminary experiments in the field indicated that surface runoff rarely formed when precipitation intensity fell below 2 mm h −1 . The precipitation mainly occurred during June-September of each year based on the local meteorological data (Figure 4 ), and the historic records showed that no precipitation events exceeded the intensity of over 20 mm h −1 . All precipitation intensities fell into three categories of 3-7 mm h −1 , 8-12 mm h −1 , and over 15 mm h −1 . Thus, the simulated rainfall events were set to 5, 10, and 15 mm h −1 . These figures were very close to the average precipitation intensities of the three categories. 
Rainfall Simulation
The rainfall simulator used is composed of a solid umbrella sprinkler, a pump, a precipitation intensity regulator, a guide tank, and a beaker ( Figure 5a ). Its nozzle has a hemispheric shape with a diameter of 3 cm, and it evenly dispenses water from holes 1 mm in diameter. The simulator was such placed so that its nozzle was 3 m above the center of the sampling plot. The effective diameter of precipitation was 3.5 m when the water was sprayed downwards, and the simulated precipitation had a precision of ±0.5 mm min −1 . The regulator could control the precipitation intensity and maintain it at 0-60 mm h −1 . The water pump, water conveyance pipe, and the precipitation device were connected to a water source. The pump's inlet water pipe was extended below the water surface, and a filter net was placed on the inlet cover to prevent soil particles from entering the pump pipe. Once the pump was turned on, water was evenly sprayed to the ground through the nozzle.
Field investigations and test results show that the raindrops sprayed from the simulated rainfall device were approximately free-falling, while the kinetic energy of the raindrops reaching the surface was different when the precipitation height changed. In order to realize the similarity between the kinetic energy of simulated and natural rainfall, each test was tested. A test panel (touches raindrops, test area 50 cm by 50 cm) on the soil surface was installed at the top of a digital display intensity sensor, which was set on the ground. The kinetic energy of simulated and natural rainfall per second was obtained when rainfall occurred. After repeated tests, the impact intensity of simulated precipitation on the surface was similar to that of natural rainfall when the height of the solid umbrella sprinkler was about 3 m (Table 1) , and the raindrops were similar in size. Therefore, the precipitation height was set to 3 m in the simulation tests. 
The rainfall simulator used is composed of a solid umbrella sprinkler, a pump, a precipitation intensity regulator, a guide tank, and a beaker ( Figure 5a ). Its nozzle has a hemispheric shape with a diameter of 3 cm, and it evenly dispenses water from holes 1 mm in diameter. The simulator was such placed so that its nozzle was 3 m above the center of the sampling plot. The effective diameter of precipitation was 3.5 m when the water was sprayed downwards, and the simulated precipitation had a precision of ±0.5 mm min −1 . The regulator could control the precipitation intensity and maintain it at 0-60 mm h −1 . The water pump, water conveyance pipe, and the precipitation device were connected to a water source. The pump's inlet water pipe was extended below the water surface, and a filter net was placed on the inlet cover to prevent soil particles from entering the pump pipe. Once the pump was turned on, water was evenly sprayed to the ground through the nozzle. To set up the simulator, a pit of 20 cm deep was first excavated in close proximity to the mound edge. A plastic sheet was used to join the upper part of a U-shaped trough to the mound. It was tilted slightly in order to ensure that water in the flume flowed only to one end, under which a beaker was placed to collect the runoff and eroded soils. Over the entire rainfall test, the moving distance of soil particles at each plot was about 1.5 m, which can cause the soil to be lost from the plot, and transported to a downstream river by surface runoff. Therefore, the soil that was transported by 1.5 m in this experiment was regarded as the amount of soil lost from the plot. The trough was covered with a plastic sheet in order to prevent raindrops from falling directly into the guide tank and interfacing with the runoff experiment. After the precipitation intensity was adjusted to the desired level and stabilized, the sprinkler head was extended over the sampling plot ( Figure  5b ). Each precipitation intensity was repeated three times in three identical sampling plots, and all test data were statistically analyzed using SPSS (Statistical Program for Social Sciences).
Prior to the precipitation simulation, a calibrated drill rod with a diameter of 0.5 cm was inserted into the center of the zokor mound to measure the change in its height in relation to precipitation duration. The same precipitation simulation was repeated three times, each time with one of the three slope gradients (to achieve objective 2), and with one of the three precipitation intensities (to achieve objective 1), resulting in a total of 27 experiments. The three results from the same intensity and slope gradient were averaged to yield the final result. In each simulation the rainfall event lasted for one hour, during which surface runoff was collected at an interval of five min, together with the eroded soils. The latter was separated from the runoff subsequently using a paper filter. The particle size composition of the isolated soils was determined using an intelligent laser particle size analyzer (Winner 2308 type) in the temporal sequence of erosion. Afterwards, the soils were dried at the room temperature for one week. The dried soils were weighted, and their Field investigations and test results show that the raindrops sprayed from the simulated rainfall device were approximately free-falling, while the kinetic energy of the raindrops reaching the surface was different when the precipitation height changed. In order to realize the similarity between the kinetic energy of simulated and natural rainfall, each test was tested. A test panel (touches raindrops, test area 50 cm by 50 cm) on the soil surface was installed at the top of a digital display intensity sensor, which was set on the ground. The kinetic energy of simulated and natural rainfall per second was Water 2019, 11, 2258 6 of 16 obtained when rainfall occurred. After repeated tests, the impact intensity of simulated precipitation on the surface was similar to that of natural rainfall when the height of the solid umbrella sprinkler was about 3 m (Table 1) , and the raindrops were similar in size. Therefore, the precipitation height was set to 3 m in the simulation tests. To set up the simulator, a pit of 20 cm deep was first excavated in close proximity to the mound edge. A plastic sheet was used to join the upper part of a U-shaped trough to the mound. It was tilted slightly in order to ensure that water in the flume flowed only to one end, under which a beaker was placed to collect the runoff and eroded soils. Over the entire rainfall test, the moving distance of soil particles at each plot was about 1.5 m, which can cause the soil to be lost from the plot, and transported to a downstream river by surface runoff. Therefore, the soil that was transported by 1.5 m in this experiment was regarded as the amount of soil lost from the plot. The trough was covered with a plastic sheet in order to prevent raindrops from falling directly into the guide tank and interfacing with the runoff experiment. After the precipitation intensity was adjusted to the desired level and stabilized, the sprinkler head was extended over the sampling plot ( Figure 5b ). Each precipitation intensity was repeated three times in three identical sampling plots, and all test data were statistically analyzed using SPSS (Statistical Program for Social Sciences).
Prior to the precipitation simulation, a calibrated drill rod with a diameter of 0.5 cm was inserted into the center of the zokor mound to measure the change in its height in relation to precipitation duration. The same precipitation simulation was repeated three times, each time with one of the three slope gradients (to achieve objective 2), and with one of the three precipitation intensities (to achieve objective 1), resulting in a total of 27 experiments. The three results from the same intensity and slope gradient were averaged to yield the final result. In each simulation the rainfall event lasted for one hour, during which surface runoff was collected at an interval of five min, together with the eroded soils. The latter was separated from the runoff subsequently using a paper filter. The particle size composition of the isolated soils was determined using an intelligent laser particle size analyzer (Winner 2308 type) in the temporal sequence of erosion. Afterwards, the soils were dried at the room temperature for one week. The dried soils were weighted, and their nutrient content was analyzed in the laboratory.
The analyzed soil nutrients included soil organic matter (Potassium dichromate volume method), humus (Potassium dichromate oxidation method), total N (Potassium dichromate-sulfuric acid digestion method), total P (Sulfuric acid -Perchloric acid digestion method), total K (NaOH Melting-Flame Photometer Method), alkaline hydrolysis N (Alkali diffusion method), available P (Sodium bicarbonate dissolution method), available K(Ammonium acetate-flame photometer method) [47] . The same analysis was replicated ten times for the same samples collected from the same mound, and the average was used as the final result.
In addition, three identical experiments were carried out, one for each type of surface covers (denudated mounds, partially recovered meadow, and healthy meadow of no degradation), and the average was used as the final result. In all the experiments, the simulated rainfall intensity was controlled at 10 mm h −1 for one hour and all the sites had the same slope gradient of 20 • .
Results
Change in Mound Surface Morphology
The zokor mounds were easily reshaped in their surface morphology by precipitation after the fine sediment particles were removed. Taking the 30 • mound as an example, after 10 min of rain at an intensity of 15 mm h −1 , the surface materials became much coarser in texture after fine silts had been eroded downslope (Figure 6a ). Only the coarse gravels and even pebbles were left behind at the end of the rain event ( Figure 6b ). Removal of the soil exposed the underlying layer that was more resistant to erosion due to the binding effect of the chaotic grass roots. The loss of the soil particles was the most active after 5-10 min of precipitation, after which the erosion rate was much lower as the sandy and gravel materials with a much larger diameter were heavier and more resistant to erosion. As expected, the mean diameter expanded by 4.8 cm within 60 min, and the height of the zokor mound was lowered gradually and continuously during the simulated rainfall event (Figure 7 ). The rate of decrease (3.9 cm h −1 ) was especially pronounced during the first 20 min. Afterwards, the rate of decrease was more gradual at 1.8 cm h −1 . The explanation for the decrease is the removal of fine soils that make up a large majority of the mound material. acid digestion method), total P (Sulfuric acid -Perchloric acid digestion method), total K (NaOH Melting-Flame Photometer Method), alkaline hydrolysis N (Alkali diffusion method), available P (Sodium bicarbonate dissolution method), available K(Ammonium acetate-flame photometer method) [47] . The same analysis was replicated ten times for the same samples collected from the same mound, and the average was used as the final result.
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Results
Change in Mound Surface Morphology
The zokor mounds were easily reshaped in their surface morphology by precipitation after the fine sediment particles were removed. Taking the 30° mound as an example, after 10 min of rain at an intensity of 15 mm h −1 , the surface materials became much coarser in texture after fine silts had been eroded downslope (Figure 6a ). Only the coarse gravels and even pebbles were left behind at the end of the rain event ( Figure 6b ). Removal of the soil exposed the underlying layer that was more resistant to erosion due to the binding effect of the chaotic grass roots. The loss of the soil particles was the most active after 5-10 min of precipitation, after which the erosion rate was much lower as the sandy and gravel materials with a much larger diameter were heavier and more resistant to erosion. As expected, the mean diameter expanded by 4.8 cm within 60 min, and the height of the zokor mound was lowered gradually and continuously during the simulated rainfall event (Figure 7 ). The rate of decrease (3.9 cm h −1 ) was especially pronounced during the first 20 min. Afterwards, the rate of decrease was more gradual at 1.8 cm h −1 . The explanation for the decrease is the removal of fine soils that make up a large majority of the mound material. As the rain event prolonged, the overall shape of the mound evolved gradually from a semi-circle to a flattened circle. After 60 min of rain, the mean slope of the mound was reduced from 45° to 20°-30°. In addition, a small quantity of relatively large particles had been transported from the apex of the mound to its lower border by the surface runoff. Only fine particles (including those formed by the splashing raindrops) had been eroded away from the mound. These processes explained why the mound height was reduced while its mean diameter expanded by 4.8 cm within 60 min. The two were correlated negatively at a coefficient of 0.9645. The relationship between the diameter (D) of the mound and rainfall duration (T) could be described as a power function: 
Impact of Surface Gradient and Precipitation Intensity
Soil erosion took place two min after the rain started, regardless of the surface gradient ( Figure  8) . Initially, the quantity of eroded soils increased rapidly with time, culminating at 10 min. Afterwards, it started to decrease gradually with time. Both the rate of rapid increase and the gradual decrease were related closely to rainfall intensity. The time to reach the peak erosion was As the rain event prolonged, the overall shape of the mound evolved gradually from a semi-circle to a flattened circle. After 60 min of rain, the mean slope of the mound was reduced from 45 • to 20 • -30 • . In addition, a small quantity of relatively large particles had been transported from the apex of the mound to its lower border by the surface runoff. Only fine particles (including those formed by the splashing raindrops) had been eroded away from the mound. These processes explained why the mound height was reduced while its mean diameter expanded by 4.8 cm within 60 min. The two were correlated negatively at a coefficient of 0.9645. The relationship between the diameter (D) of the mound and rainfall duration (T) could be described as a power function:
The relationship between the height (H) and diameter (D) of the mound could be described as a linear function:
Soil erosion took place two min after the rain started, regardless of the surface gradient ( Figure 8 ). Initially, the quantity of eroded soils increased rapidly with time, culminating at 10 min. Afterwards, it started to decrease gradually with time. Both the rate of rapid increase and the gradual decrease were related closely to rainfall intensity. The time to reach the peak erosion was increased from 15 min to 20 min as the rainfall intensified from 5 mm h −1 to 15 mm h −1 . However, there was little difference in reaching the peak erosion between the 10 mm h −1 and 15 mm h −1 intensities. Furthermore, the discrepancy in the amount of eroded soils between 10 mm h −1 and 15 mm h −1 was smaller than that between 5 mm h −1 and 10 mm h −1 . For instance, the peak erosion was at 196.47 g with the 15 mm h −1 rain on the 10 • slope. It decreased slightly to 138.56 g with the 10 mm h −1 rain, a reduction of about 29.5%. In contrast, the peak erosion reached only 50.07 g with the 5 mm h −1 rain (a reduction of about 63.9%). Therefore, the intensity of 10 mm h −1 was the most influential to the rate of soil erosion because it also varied the most with the rainfall duration among the three rainfall intensities studied. Consequently, the amount of eroded soils was almost the same as that of the 5 mm h −1 at the end of the simulation (e.g., 60 min).
The relationship between the height (H) and diameter (D) of the mound could be described as a linear function: H = −0.0426D + 35.818 (R 2 = 0.9651) 
Soil erosion took place two min after the rain started, regardless of the surface gradient ( Figure  8 ). Initially, the quantity of eroded soils increased rapidly with time, culminating at 10 min. Afterwards, it started to decrease gradually with time. Both the rate of rapid increase and the gradual decrease were related closely to rainfall intensity. The time to reach the peak erosion was increased from 15 min to 20 min as the rainfall intensified from 5 mm h −1 to 15 mm h −1 . However, there was little difference in reaching the peak erosion between the 10 mm h −1 and 15 mm h −1 intensities. Furthermore, the discrepancy in the amount of eroded soils between 10 mm h −1 and 15 mm h −1 was smaller than that between 5 mm h −1 and 10 mm h −1 . For instance, the peak erosion was at 196.47 g with the 15 mm h −1 rain on the 10° slope. It decreased slightly to 138.56 g with the 10 mm h −1 rain, a reduction of about 29.5%. In contrast, the peak erosion reached only 50.07 g with the 5 mm h −1 rain (a reduction of about 63.9%). Therefore, the intensity of 10 mm h −1 was the most influential to the rate of soil erosion because it also varied the most with the rainfall duration among the three rainfall intensities studied. Consequently, the amount of eroded soils was almost the same as that of the 5 mm h −1 at the end of the simulation (e.g., 60 min). Apart from rainfall intensity, the amount of soil loss also notably increased with slope gradient. As the slope gradient rose from 10° to 20°, the peak erosion rate hardly changed at the rainfall Figure 8 . The variation of soil loss at three rainfall intensities with rainfall duration on slopes of three gradients.
Apart from rainfall intensity, the amount of soil loss also notably increased with slope gradient. As the slope gradient rose from 10 • to 20 • , the peak erosion rate hardly changed at the rainfall intensity of 10 mm h −1 , but it rose from 50.07 g to over 71.54 g at the rainfall intensity of 5 mm h −1 , and from 196.47 g to 241.35 g at the intensity of 15 mm h −1 . As the slope gradient further steepened to 30 • , the peak erosion increased at all the three rainfall intensities. The increase was the highest to 124.9 g for the 5 mm h −1 intensity, nearly the same as the 10 mm h −1 rainfall intensity on 10 • slopes, even though it took a bit longer to reach this level. Moreover, the erosion rate decreased with time at a slower pace than on slopes of a gentler gradient.
Over the entire rainfall event (e.g., 60 min), at the same slope of 10 • , the total loss of soils increased 2.5 times and 3.9 times as rain intensified from 5 to 10 mm h −1 and 15 mm h −1 , respectively ( Figure 9 ). The corresponding figures are 2.8 times and 4.3 times on 20 • slopes, and 3.0 and 4.5 times on 30 • slopes. In addition, at the same rainfall intensity of 5 mm h −1 , a total of 295.39 g of soils was lost from the 10 • slopes. This loss rose to 361.69 g and 615.78 g when the slopes gradient increased to 20 • and 30 • , respectively (Figure 9 ). The total amount of eroded soils from the mounds was linearly and positively related to slope gradient and the rainfall intensity except at 30 • with the 15 mm h −1 rain at which the rate of increase appeared to be exponential. It was found that the number of plateau zokor mounds was more than 450 within an area of 300 m by 450 m. The rate of soil loss reached up to 186.1kg h −1 at a rainfall intensity of 5 mm h −1 . The corresponding figure is 545.3 kg h −1 and 820.3 kg h −1 at the intensity of 10 mm h −1 and 15 mm h −1 , respectively. Soil erosion occurred mainly in June and September.
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Loss of Soil Nutrients
As with soil loss, the loss of soil nutrients from the zokor mounds varied with slope gradient and rainfall intensity ( Table 2 ). Under the same rain conditions, total nitrogen, total phosphorus, total potassium, alkali-hydrolyzed nitrogen, available phosphorus, available potassium, and organic matter of soil all increased with slope gradient. As the slope gradient increased from 10° to 20° and from 20° to 30°, the average soil nutrient loss increased 1.3 times to 1.7 times, at the rainfall intensity of 5 mm h −1 , and 1.3 and 1.8 times, respectively, at the rainfall intensity of 10 mm h −1 . At the rainfall intensity of 15 mm h −1 , average nutrient loss increased 1.3 times and 1.9 times, respectively. When the precipitation intensity increased from 5 to 10 mm h −1 and from 10 to 15 mm h −1 , the soil nutrient loss on 10° slopes increased 1.7 times and 2.7 times, respectively. On 20° slopes, the soil nutrient loss increased 1.8 times and 2.9 times, respectively; and on 30° slopes, the soil nutrient loss increased 1.8 times and 3.1 times, respectively. These changes indicated the existence of a positive correlation between soil nutrient loss and slope gradient. Figure 9 . The total soil loss in relation to slope gradient at three rainfall intensities over the entire rain event (e.g., 60 min).
As with soil loss, the loss of soil nutrients from the zokor mounds varied with slope gradient and rainfall intensity ( Table 2 ). Under the same rain conditions, total nitrogen, total phosphorus, total potassium, alkali-hydrolyzed nitrogen, available phosphorus, available potassium, and organic matter of soil all increased with slope gradient. As the slope gradient increased from 10 • to 20 • and from 20 • to 30 • , the average soil nutrient loss increased 1.3 times to 1.7 times, at the rainfall intensity of 5 mm h −1 , and 1.3 and 1.8 times, respectively, at the rainfall intensity of 10 mm h −1 . At the rainfall intensity of 15 mm h −1 , average nutrient loss increased 1.3 times and 1.9 times, respectively. When the precipitation intensity increased from 5 to 10 mm h −1 and from 10 to 15 mm h −1 , the soil nutrient loss on 10 • slopes increased 1.7 times and 2.7 times, respectively. On 20 • slopes, the soil nutrient loss increased 1.8 times and 2.9 times, respectively; and on 30 • slopes, the soil nutrient loss increased 1.8 times and 3.1 times, respectively. These changes indicated the existence of a positive correlation between soil nutrient loss and slope gradient. Figure 10 showed that the amount of soil loss in zokor degraded areas significantly increased after 60 min of rain at an intensity of 10 mm h −1 on a slope of 20 • . A total of 1026.5 g of soil was lost from the whole plot area of zokor-denudated site at a rate of 256.6 g m −2 h −1 . This figure dropped to 139.2 g m −2 h −1 at the vegetation-recovered site, and further to 14.5 g m −2 h −1 at the intact meadow site. Therefore, zokor activities caused a soil loss that was 1.8 times that of the vegetation-recovered site, and 17.7 times that of the intact meadow. These figures suggest that vegetation cover can effectively protect soil and reduce soil loss in the study area. Zokor burrowing severely aggravates soil loss. If the zokor outbreak is not brought under control, soil and water loss in the affected area will worsen rapidly, which will lead to extreme degradation of the alpine meadows. Figure 10 showed that the amount of soil loss in zokor degraded areas significantly increased after 60 min of rain at an intensity of 10 mm h −1 on a slope of 20°. A total of 1026.5 g of soil was lost from the whole plot area of zokor-denudated site at a rate of 256.6 g m −2 h −1 . This figure dropped to 139.2 g m −2 h −1 at the vegetation-recovered site, and further to 14.5 g m −2 h −1 at the intact meadow site. Therefore, zokor activities caused a soil loss that was 1.8 times that of the vegetation-recovered site, and 17.7 times that of the intact meadow. These figures suggest that vegetation cover can effectively protect soil and reduce soil loss in the study area. Zokor burrowing severely aggravates soil loss. If the zokor outbreak is not brought under control, soil and water loss in the affected area will worsen rapidly, which will lead to extreme degradation of the alpine meadows. 
Contribution of Zokor Destruction to Soil Erosion
Soil Loss vs. Surface Runoff
The rate of erosion depends largely on the transport capacity of runoff. As shown in Figure 11 , the surface runoff curve with rainfall duration resembled those with the amount of soil loss in that it rose rapidly within the first 10 or 20 min, depending on the slope gradient. However, these curves were different in that the rates decreased slowly and marginally with time, with little variation with slope gradient. The steeper the slope gradient, the greater the runoff produced by the rainwater. This relationship was influenced by inertia, and the larger the runoff, the greater the scouring force and transportation capacity of the runoff, the greater its transportation capacity. The loss of soil also increased on steeper slopes. Thus, it is very important to consider surface runoff when evaluating soil loss in degraded areas. 
The rate of erosion depends largely on the transport capacity of runoff. As shown in Figure 11 , the surface runoff curve with rainfall duration resembled those with the amount of soil loss in that it rose rapidly within the first 10 or 20 min, depending on the slope gradient. However, these curves were different in that the rates decreased slowly and marginally with time, with little variation with slope gradient. The steeper the slope gradient, the greater the runoff produced by the rainwater. This relationship was influenced by inertia, and the larger the runoff, the greater the scouring force and transportation capacity of the runoff, the greater its transportation capacity. The loss of soil also increased on steeper slopes. Thus, it is very important to consider surface runoff when evaluating soil loss in degraded areas. Within the 4 m 2 zokor-denudated plot area, the relationship between the amount of soil loss (S) and surface runoff (Q) also follows a power function, namely,
This relationship is explained by the distribution of the rainfall. Initially, most of the rainwater is percolated down to the mound surface, leaving little rain to form surface runoff. However, as the surface is becoming increasingly saturated, an equilibrium between rainwater and surface runoff is reached at around 10-20 min. Afterwards, most of the rainfall is converted to surface runoff. As the rain prolongs, the portion of rainwater becoming surface runoff is approaching the rainfall.
Soil loss vs. Particle Size
The results indicated that fine soils were eroded regardless of the slope gradient and rainfall intensity. Their particle diameter ranged from 0 to 1.2 mm with a mean of 0.21 mm. Of these soils, those with a diameter <0.01 mm made up 1.65% of the total, those with a diameter of 0.01-0.05 mm made up 52.23%, and those with a diameter of 0.05-1.20 mm made up 46.12%. Apart from the total amount of soils, their loss from the mounds was also related to their particle size. The exact influence of rainfall intensity on particle size was variable with both rainfall intensity and duration ( Figure 12 ). Within the first 20 min of rain, the mean diameter of the eroded soils rose rapidly. Afterwards, the diameter decreased slowly. On 20° slopes, rainfall intensity exerted a subdued effect on the change in the diameter of soil particles. A more intensive rain caused the maximum diameter to rise from 0.31 mm at 5 mm h −1 to 0.47 mm at 10 mm h −1 , and further to 0.58 mm at 15 mm h −1 . This phenomenon is explained by the gradually rising driving force of the raindrops and surface runoff. This explains why there were more scattered fine particles on the surface of zokor mounds, and why the runoff increased within the first 20 min of rainfall ( Figure 11 ). Loose particles less than 1.2 mm in diameter were rapidly transported under the impact of raindrops and runoff. The runoff tended to be stable after 20 min of rainfall ( Figure 11 ), and the more scattered fine particles on the surface of zokor mounds were reduced, the more stable the soil structure became, and in turn the smaller the washed soil particles by the runoff became. Removal of more fine soils exposed the underlying plant roots. Their binding effects prevented soils from being eroded easily, causing the soil diameter to decrease. Also，the stronger the rainfall intensity was, the greater the driving force of surface runoff and soil erosion, causing the soil particle size to increase. Within the 4 m 2 zokor-denudated plot area, the relationship between the amount of soil loss (S) and surface runoff (Q) also follows a power function, namely,
The results indicated that fine soils were eroded regardless of the slope gradient and rainfall intensity. Their particle diameter ranged from 0 to 1.2 mm with a mean of 0.21 mm. Of these soils, those with a diameter <0.01 mm made up 1.65% of the total, those with a diameter of 0.01-0.05 mm made up 52.23%, and those with a diameter of 0.05-1.20 mm made up 46.12%. Apart from the total amount of soils, their loss from the mounds was also related to their particle size. The exact influence of rainfall intensity on particle size was variable with both rainfall intensity and duration ( Figure 12 ). Within the first 20 min of rain, the mean diameter of the eroded soils rose rapidly. Afterwards, the diameter decreased slowly. On 20 • slopes, rainfall intensity exerted a subdued effect on the change in the diameter of soil particles. A more intensive rain caused the maximum diameter to rise from 0.31 mm at 5 mm h −1 to 0.47 mm at 10 mm h −1 , and further to 0.58 mm at 15 mm h −1 . This phenomenon is explained by the gradually rising driving force of the raindrops and surface runoff. This explains why there were more scattered fine particles on the surface of zokor mounds, and why the runoff increased within the first 20 min of rainfall ( Figure 11 ). Loose particles less than 1.2 mm in diameter were rapidly transported under the impact of raindrops and runoff. The runoff tended to be stable after 20 min of rainfall ( Figure 11 ), and the more scattered fine particles on the surface of zokor mounds were reduced, the more stable the soil structure became, and in turn the smaller the washed soil particles by the runoff became. Removal of more fine soils exposed the underlying plant roots. Their binding effects prevented soils from being eroded easily, causing the soil diameter to decrease. Also, the stronger the rainfall intensity was, the greater the driving force of surface runoff and soil erosion, causing the soil particle size to increase. 
Discussion
Importance of Vegetation Cover
The zokor mounds in alpine meadows are loose deposits formed out of subsurface soil dug by burrowing zokors. Their erosion is affected by surface cover. In particular, vegetation reduces soil loss through its complex roots that are consumed by the small mammals within the soil. Through laboratory experiments, Pan et al. (2006) found that under the same rainfall conditions, grass significantly reduced eroded sediments by 81%-95% in comparison with bare ground of a 15° gradient [48] . Fullen et al. (2006) reported that soil aggregate stability was higher on grassed soils than on bare soils [49] . Wang et al. (2018) found that the sheet erosion rate decreased as vegetation cover increased, and herbaceous vegetation could reduce and control sheet erosion by reducing the effect of rainfall intensity or slope, especially when vegetation cover was sufficiently high [50] . In this study meadow cover reduced soil loss by 17.7 times on 20° slopes. Even partially recovered vegetation to 60% reduced the soil loss by 1.8 times. Thus, vegetation cover could effectively reduce soil loss in both loess areas and in the study area. Apart from aboveground vegetation, both the grass root system and the soil crust also affect soil erosion. These issues need to be studied further in a separate paper. The related experiments in this paper were carried out only in one degraded area damaged by zokor, involving different rainfall intensities on different slopes. If the topography of the Yellow River Source Zone is known, the total amount of soil loss from the entire Source Zone and the erosion rate caused by zokor burrowing can be estimated from a combined consideration of zokor mound density and meteorological data using the method and results developed in this study. Another important area for further study is restoration ecology, namely, how burrowing zokors affect the prospects for ecological restoration of degraded meadows in the Yellow River Source Zone.
Comparison with Other Studies
In order to show the accelerated erosion of soil caused by zokor burrowing, the results obtained in this study were compared with those similar ones in other areas. Zhao et al. (2013) reported that the amount of soil loss from bare hillslopes in the hilly Loess Plateau of West China was 3.28 times higher than that from natural grasslands at a rainfall intensity of 120 mm h −1 [51] . Sediments were yielded at a rate 5.21 times higher at the rain intensity of 90 mm h −1 . On 4% slopes under a rainfall intensity of 50 or 75 mm h −1 for 1 to 3 hr, soil was lost from hay fields at a rate ranging from 8 to 20 g m −2 h −1 in central North Dakota [52] . Again, these soil loss rates were only a tiny fraction of the loss rate of 256.6 g m −2 h −1 from the zokor mounds in spite of the much less intense rainfall. Zokor burrowing severely aggravates soil loss, and is a major accelerator of soil and nutrient loss from the meadows. Furthermore, Fang et al. (2013) found that more and more 
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Effects of Plateau Zokor on Soil Nutrients
The loss rate of soil nutrients increased with the increase of rainfall intensity and runoff, which is closely related to the change of the original soil structure and vegetation community when zokor burrowing [54] . This activity caused a large number of fine particles exposed on the surface of mound, which made it easy to be eroded by rainfall and runoff, resulting in nutrient loss and soil fertility reduction [55, 56] . This also explained why soil nutrient loss increased with the severity of soil loss. In this study, the average loss of soil nutrients increased by 1.3 to 1.7 times when the slope increased from 10 • to 30 • . Similar findings about nutrients loss caused by rainfall have also been reported by who studied the loss of soil nutrition in a deteriorated alpine meadow. They reported that the soil nutrient loss decreased by 5.6-18.3% in moderately degraded areas, and by 12.2-44.7% in severely degraded areas when the slope increased from 10 • to 30 • [57] . Although the study area is different, their findings are similar to the results of this study ( Table 2) .
Implications for Zokor Control and Soil Nutrients Restoration
Zokor burrowing and soil erosion are critical causes of meadow degradation. In particular, soil excavation and transport by zokors destroy soil structure and meadows. If a zokor outbreak in alpine meadows would be not controlled, the soil loss rate in the affected area could increase rapidly, which could lead to the extreme degradation of alpine meadows. Therefore, the methods for controlling soil erosion are important to use for reducing the impact of zokors, which will reduce the zokor damage to the meadow. Furthermore, the restoration of the degraded meadow depended on the recovery of soil nutrients [58] . Considering the health ecosystem of alpine meadows, the restored measures of soil nutrients should aim at adding livestock manure to improve soil organic matter, so as to promote the effective restoration of the degraded meadows.
Conclusions
Both slope and rainfall intensity affected soil erosion of zokor mounds, but the slope had more of an influence than rainfall intensity on soil loss from the mounds. Soil loss occurred on the surface of zokor mounds 2 min after the simulated rainfall started. The highest rate of the soil loss occurred in the first 20 min. Afterwards, the soil loss gradually decreased and the runoff remained constant after 20 min of precipitation. The soil loss increased with the increases of the rainfall intensity and slope gradient. The rapid flow of surface runoff enhanced soil erosion and nutrient loss. The zokor mounds were eroded at a rate of 1.8 times that of degraded meadows, and 17.7 times that of intact meadows, which indicated that zokors significantly accelerated the soil erosion. In order to restore the degraded meadows, controlling zokors should be combined with adding livestock manure to achieve the dual purpose of preventing and controlling soil erosion in alpine meadows.
